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Understanding how stem-cell proliferation is controlled to maintain adult tissues is of fundamental importance. Drosophila
oogenesis provides an attractive system to study this issue since cell production in the ovary depends on small populations
of observable germ-line and somatic stem cells. By controlling the amount of protein-rich nutrients in the diet, we
established conditions under which the rate of egg production varied 60-fold. Using a cell-lineage labeling system, we found
that both germ-line and somatic stem cells, as well as their progeny, adjust their proliferation rates in response to nutrition.
However, the number of active stem cells does not appear to change. Proliferation rates varied fourfold; the remaining
15-fold difference in egg production resulted from different frequencies of cell death at two precise developmental points:
(1) the region 2a/2b transition within the germarium, and (2) stage 8 egg chambers that are entering vitellogenesis. To
initiate a genetic analysis of these changes in cell proliferation and apoptosis, we show that ovarian cells require an intact
insulin pathway to fully upregulate their rate of cycling in response to a protein-rich diet and to enter
vitellogenesis. © 2001 Academic Press
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Adult mammalian tissues such as epidermis or small
intestinal epithelium use a pool of stem cells to replace
differentiated cells that are steadily lost (Hall and Watt,
1989; Podolsky, 1993; Potten, 1981; Potten and Loeffler,
1990). Similarly, the hematopoietic system is in dynamic
flux, continually giving rise to new cells which transiently
divide, differentiate, and die (Weissman, 2000). Adult stem
cells are thought to divide asymmetrically, renewing them-
selves and generating transit amplifying cells that will later
differentiate (reviewed in Lin and Schagat, 1997; Morrison
et al., 1997). The precise regulation of stem cells and their
progeny is essential to maintain tissues and to prevent
tumors. Moreover, mechanisms exist to vary the absolute
rate of cell production in response to hormonal signals,
nutrition, or insults such as wounds.
Despite its importance, little is known about how stem-
cell-based tissues in adult animals produce cells at different
rates. One model postulates that the number of active stem
cells varies to modulate cell production. In steady state, few
1 To whom correspondence should be addressed. Fax: (410) 467-
p1147. E-mail: spradling@ciwemb.edu.
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All rights of reproduction in any form reserved.r no stem cells would be active, and transit amplifying
ells would divide to replace lost cells. However, the pool of
tem cells would expand rapidly when needed, accelerating
ell output. According to another model, stem-cell activity
ould be constant, but their daughter cells would prolifer-
te at different rates resulting in transit cell compartments
hat varied in size (Loeffler and Potten, 1997). Alternatively,
he proliferation of stem cells and their progeny would be
oregulated to vary the output of differentiated progeny
ithout changing the relative number of precursor cells in
he tissue. In any of these models, regulated cell death
ight also affect the distribution of cellular intermediates
nd the final number of cells produced. These different
echanisms have been difficult to distinguish in vivo due
o technical limitations in measuring stem-cell numbers
nd following the behavior of their progeny under condi-
ions in which cell production varies widely.
The Drosophila ovary (reviewed in Mahowald and Kam-
ysellis, 1980; Spradling, 1993) is emerging as a tissue in
hich the biology and regulation of stem cells can be
tudied in vivo (Spradling et al., 1997; Lin, 1997). In the
vary, individual stem cells can be recognized and the
ehavior of the entire cell lineages that support follicle
roduction can be followed to distinguish models of growth
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266 Drummond-Barbosa and Spradlingregulation. Within each ovariole, the proliferation of the
germ line and somatic cell lineages is supported by two
different sets of approximately two stem cells each. Their
cellular progeny proliferate and then interact to form ovar-
ian follicles that mature into eggs. Stem cells are located
within the germarium, a structure found at the anterior tip
of the ovariole, whereas their progeny cells move toward
the posterior, generating an egg assembly line (see Fig. 1A,
top).
The developing stem-cell progeny go through many rec-
ognizable stages as they move posteriorly in the ovariole
(see Spradling, 1993; Fig. 1A). Germ-line stem cells give rise
to cystoblasts, which divide synchronously four more times
with incomplete cytokinesis to produce successively two-,
four-, eight-, and, finally, 16-cell cysts. These divisions are
confined to the anterior third of the germarium, known as
region 1 (Fig. 1A, bottom). As 16-cell cysts move posteriorly
through regions 2a and 2b, one cell differentiates as an
oocyte, while the others become nurse cells. After moving
through three subdivisions of region 2a (Fig. 1A: E: early; M:
middle; L: late), each cyst acquires a monolayer of follicle
cells derived from two somatic stem cells located near the
junction with region 2b. Region 2b cysts are initially
lens-shaped, gradually become round, and finally bud off in
germarium region 3 to form a new egg chamber. Egg
chambers continue to grow and move further to the poste-
rior while passing through stages 1 through 14 of oogenesis.
Although nurse cells become polyploid immediately, fol-
licle cells divide mitotically until stage 7. Subsequently,
they too enter an endocycle and eventually undergo three
rounds of DNA endoreplication. During stage 8, vitellogen-
esis begins and the oocyte starts growing disproportionately
in size. By stage 14, the egg is complete and ready to be laid
by the female.
Egg production by the Drosophila ovariole depends on the
availability of protein (Ashburner, 1989; Bownes and Blair,
1986; King, 1970), sex peptide (Chen et al., 1988; Soller et
al., 1997), juvenile hormone (Riddiford and Ashburner,
1991; Soller et al., 1999), and the steroid hormone ecdysone
(Buszczak et al., 1999; Carney and Bender, 2000). In addi-
tion, there is genetic evidence that the insulin signaling
pathway, which is strongly conserved between Drosophila
and vertebrates (Edgar, 1999), mediates some aspects of
Drosophila oogenesis. Genes encoding three of its compo-
nents, namely the insulin receptor, the insulin receptor
substrate (IRS)-like gene chico, and a ribosomal protein S6
kinase homologue, S6k, mutate to female sterility (Bo¨hni et
al., 1999; Chen et al., 1996; Montagne et al., 1999). Whether
any of these pathways acts directly on stem cells is un-
known.
In this paper we study the regulation of stem cells and
their progeny in the Drosophila ovariole. We compare
ovarian cell production in flies under dietary conditions in
which the rate of oogenesis differs by 60-fold. The number
of active stem cells does not change between these condi-
tions. However, both germ-line and somatic stem cells, as
well as their progeny, adjust their proliferation rates about c
Copyright © 2001 by Academic Press. All rightfourfold. The remaining 15-fold difference in egg production
results from changes in the rate of programmed cell death at
two precise developmental points: a novel checkpoint at
the end of region 2a in the germarium, and a previously
described control point near the onset of vitellogenesis in
stage 8 egg chambers. Moreover, we show that in the chico1
mutant, defective in the insulin pathway (Bo¨hni et al.,
1999), follicle cells are unable to proliferate at a normal rate
in response to a protein-rich diet or to enter vitellogenesis.
MATERIALS AND METHODS
Drosophila Strains and Culture
Fly stocks were maintained at 22–25oC on standard medium.
X-15-29, X-15-33 and hs-FLP (flipase) strains used for clonal anal-
ysis are described in Harrison and Perrimon (1993). The chico1
mutant (Bo¨hni et al., 1999) was originally isolated in a P element
screen (Berg and Spradling, 1991). y ac w1118 flies (referred to as yw)
used in some experiments are described in Bello et al. (1998). Other
genes and balancer chromosomes used are described in FlyBase
(Ashburner and Drysdale, 1994).
Culture Conditions
Newly eclosed flies (0–1 day old) were grown in plastic bottles
containing molasses plates (changed daily), which provide moisture
and sugars. Plain molasses plates served as a poor food source,
whereas molasses plates containing a layer of wet yeast provided a
rich food source. To measure egg production, five pairs of flies per
bottle were cultured and the number of eggs laid was counted every
24 h in triplicate. Ovaries from flies kept in identical conditions to
those used for the egg counts were dissected and photographed
(Scion Image 1.60 System) at 5 days after eclosion, or 5 days after
food source switch.
Measuring Developmental Rates Using Labeled
Clones
Mitotic clones were generated according to Margolis and Spra-
dling (1995). Females of genotypes X-15-29/X-15-33; MKRS, hs-
FLP/1 (referred to as X-15), hs-FLP/1; chico1 X-15-29/chico1
X-15-33 (referred to as chico1), and hs-FLP/1; chico1 X-15-29/X-
5-33 (referred to as chico1/1) were produced by standard crosses.
ewly eclosed flies were kept in empty bottles with rich or poor
ood sources for 4 to 5 days. Plates with food were changed daily.
lies were transferred to empty vials containing wet Kimwipes
ith or without wet yeast, respectively, and immersed in a
irculating 37oC water bath for 1 h to induce flipase expression.
Flies were subsequently transferred to the appropriate food sources.
Germ-line and somatic clones were identified at different time
points after heat-shock by expression of the b-galactosidase (b-gal)
eporter as detected by antibody staining. In the case of follicle
ells, the number of cells per clone was counted, and proliferation
ates calculated using Delta Graph Pro 3.5.
Measuring germ cell progression by cell marking is affected by
pecial factors. In principle, it should be possible to distinguish
hether 16-cell cysts were labeled at the time they contained one,
wo, four, or eight cells based on the number of cells within the
yst that express b-gal, which should correspond to a power of 2.
s of reproduction in any form reserved.
2undergo several rounds of endoreplication. Yolk uptake by the
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Copyright © 2001 by Academic Press. All rightHowever, we found that this was not possible in practice. While the
most posterior b-gal-positive cyst was usually partially labeled, the
number of labeled cells was often not a power of 2. Apparently,
b-gal protein can be transported between certain nurse cells,
obscuring the exact number of positive cells in the clone (see also
Margolis and Spradling, 1995). Because of these problems, partially
labeled cysts were not distinguished from fully labeled cysts in our
analysis. A second factor affecting this approach is that the total
number of developing cysts within individual germaria is not
constant, and this introduces variation in measurements of cyst
progression. Labeled germ cells will exit more rapidly from germa-
ria that contain a smaller number of total cysts. To correct for this,
we counted all labeled cysts and plotted their median age as a
function of time after heat-shock. This method prevents germaria
with an unusually small or large number of cysts from skewing the
results. A potential problem with using the median results from
the fact that a fraction of the cells in which recombination takes
place will be stem cells. These cells will continue to produce young
labeled cysts throughout the course of the experiment and retard
the apparent rate of development. In practice, the number of early
labeled cysts in the well-fed ovarioles was relatively small and,
therefore, the effect of labeled germ-line stem cells on the results
was judged to be insignificant.
Immunostaining and Fluorescence Microscopy
Ovaries were dissected and teased apart in Grace’s medium (Life
Technologies #11590). They were fixed for 12 to 15 min at room
temperature in Buffer B (16.7 mM KH2PO4/K2HPO4, 75 mM KCl,
5 mM NaCl, 3.3 mM MgCl2, pH 6.8) plus 5% formaldehyde (Ted
Pella #18505), and washed and stained as described in de Cuevas et
al. (1996). Cell culture supernatants from the mouse monoclonal
antibody 1B1 (Zaccai and Lipshitz, 1996), which recognizes a
Hts-related protein, were used at 1:10 dilution to highlight cell
membranes and fusomes. Rabbit polyclonal anti-b-gal antibodies
(Cappel #55976) were used at 1:750 to 1:1000 dilutions. Alexa
488-conjugated goat anti-mouse and Alexa 568-conjugated goat
anti-rabbit secondary antibodies (Molecular Probes) were used at
1:400 dilution. Samples were incubated in 0.5 mg/ml DAPI for 10
min. Stained ovaries were mounted in Vectashield (Vector Labora-
tories #H-1000).
ApopTag Staining
We used the ApopTag fluorescein direct in situ apoptosis detec-
tion kit (Intergen #S7160-KIT) to detect the occurrence of cell death
in female ovaries. Ovaries from females kept in rich or poor food
source for 5 to 10 days at a constant temperature of 25oC were
oocyte begins at stage 8 of oogenesis. (B) Diagrammatic represen-
tation of Flipase system (adapted from Margolis and Spradling,
1995). Flies carry two inactive lacZ transgenes (Lac2). Upon
heat-shock induction of flipase, recombination between the Lac2
transgenes through the FRT region takes place in a fraction of
mitotically dividing cells, thereby regenerating an active tubulin-
lacZ transgene (Lac1). Constitutive expression of nuclear
b-galactosidase can be used as a marker to trace clonal cell lineagesFIG. 1. Ovariole structure and experimental design. (A) Sche-
matic representation of Drosophila ovariole and germarium. The
Drosophila ovariole (top) is composed of the germarium (g) in the
anterior-most part, followed by a row of progressively older egg
chambers. A cystoblast (cb) derived from a germ-line stem cell (gsc,
dark red) divides four times to form a 16-cell germ-line cyst (cc)
within region 1 of the germarium (bottom). Mitotic division of
germ-line cells (dark red and dark orange) is restricted to region 1.
As the germ-line cyst transits from region 2a to region 2b, it
undergoes shape changes, loses contact with the inner germarium
sheath cells (isc), and acquires a monolayer of follicle cells derived
from the somatic stem cells (ssc, darkest shade of green). For the
purposes of this paper, region 2a is divided into early (E), mid (M),
and late (L) subregions. In region 2b, lens-shaped cysts span the
entire width of the germarium. In region 3, a round germ-line cyst
(light orange) completely surrounded by follicle cells (green) buds
off from the germarium as an egg chamber. The posterior-most
germ-line cell becomes the oocyte (oo), whereas the remaining 15
cells are trophic nurse cells (nc). Follicle cells continue to divide
mitotically until stage 7 of oogenesis (dark green), after which they(Harrison and Perrimon, 1993).
s of reproduction in any form reserved.
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268 Drummond-Barbosa and Spradlingdissected in Grace’s, fixed as above, and washed 30 min in PBT
(PBS; 10 mM NaH2PO4/NaHPO4, 175 mM NaCl, pH 7.4, plus 0.1%
Triton X-100). Ovaries were washed twice for 5 min at room
temperature in 300 ml of equilibration buffer and then incubated for
1 h at 37oC in 100 ml of TdT solution, according to the manufac-
turer’s recommendations. Reactions were stopped by washing 5
min in stop/wash solution, and ovaries were rinsed with PBT and
immunostained as described above. Here, we use the term apopto-
sis to indicate that cells scored positively in this assay.
RESULTS
The Drosophila Ovary, a Stem-cell Based Tissue,
Responds to Nutrition
To study how proliferation is regulated in stem-cell
lineages, we established conditions in which the rate of egg
production differs greatly due to the presence or absence of
a protein-rich diet. Newly eclosed adult flies were raised in
FIG. 2. Egg production is under nutritional regulation. (A) Five pai
fter 5 days, flies were transferred to poor food source (arrow). (B) Fl
ource after 5 days (arrow). The average number of eggs laid per fem
t 5 days after eclosion on rich food source (C), on poor food sourc
ndicated in A and B, are shown at the same magnification. Asteris
hich are absent in (E). Scale bar represents 100 mm.the presence or absence of yeast paste, conditions we will t
Copyright © 2001 by Academic Press. All rightefer to as “rich” and “poor” foods, respectively (see Mate-
ials and Methods). Phenotypically wild-type flies (X-15
enotype) laid an average of 90 eggs per day on rich food, but
nly 1.5 eggs per day on poor food, representing a 60-fold
ifference (Figs. 2A and 2B). Ovaries dissected from females
aised on rich food for 5 days after eclosion were well
eveloped (Fig. 2C) and all stages of oogenesis were present
n the expected ratios within their ovarioles (Table 1; data
ot shown). In contrast, ovaries from flies raised on poor
ood were greatly reduced in size (Fig. 2D), and their
varioles contained few, if any, vitellogenic stages (data not
hown). Similar changes were observed using a yw strain
data not shown), and these results agree with previous
eports (Giorgi and Deri, 1976; Bownes and Blair, 1986).
To measure how quickly egg production can be modu-
ated in response to nutritional changes, we switched the
ood sources following 5 days of culture on either poor or
ich food. Flies grown on rich food dramatically decreased
flies per bottle were kept in rich food source starting from eclosion.
ere initially kept on a poor food source and switched to a rich food
shown, and thin bars represent standard deviations. (C–E) Ovaries
, or at 5 days after the switch from rich to poor food source (E), as
icates the position of developing vitellogenic egg chambers in (C)rs of
ies w
ale is
e (D)
k indheir egg laying within a day of being switched to poor food
s of reproduction in any form reserved.
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269Stem-Cell Regulation in the Fly Ovary(Fig. 2A). When their ovaries were dissected 5 days after the
switch, they contained many mature stage 14 eggs, but
lacked developing vitellogenic egg chambers (Fig. 2E, aster-
isk). Flies switched from poor to rich food increased their
rate of egg deposition within two days (Fig. 2B) and their
ovaries became well developed, resembling those in Fig. 2C.
These results show that egg production responds strongly
and rapidly to changes in diet, providing a flexible system
for manipulating and comparing widely differing rates of
cell output.
The Germ Cell Lineage Uniformly Slows Its
Development in Response to Nutrient Limitation
Changes in the length of precursor stages at any point
from stem cell to stage 14 egg chamber might contribute to
the different rates of egg laying. At one extreme, all the
developmental stages might uniformly slow their develop-
ment to match the rate of egg laying. This would cause no
detectable change in the relative distribution of individual
stages of follicle development. At the other extreme, follicle
development might continue unchanged, but after reaching
a checkpoint, an appropriate fraction of follicles would
undergo apoptosis. Previous work has shown that egg
chambers entering stage 8, when yolk uptake begins, degen-
erate at a higher rate under conditions of nutrient limita-
tion (Giorgi and Deri, 1976). Finally, there might be stage-
specific responses to nutrient limitation that would cause
the relative timing of particular stages to change. Stages
whose development slowed would become more abundant,
TABLE 1
Number of Germ-line Stem Cells and Cysts in the Germarium
Germarium region
Average number of germ-line stem cells
and cystsa 6 standard deviation
Poor food source
(10 germaria)
Rich food source
(10 germaria)
Stem cells 2.0 6 0.0 2.0 6 0.0
1 Cystoblasts 1.2 6 0.4 1.3 6 0.8
2-Cell cyst 1.0 6 0.7 1.6 6 1.3
4-Cell cyst 1.6 6 0.7 0.9 6 0.7
8-Cell cyst 0.4 6 0.5 0.8 6 1.0
a Early and mid 2.8 6 1.6 3.2 6 1.0
Late 1.9 6 1.1 2.3 6 1.5
b 1.8 6 0.8 1.9 6 0.6
0.9 6 0.3 1.0 6 0.0
otal number 13.6 6 1.8 15.1 6 2.1
a Ovaries were dissected and stained with 1B1 antibodies to
ighlight fusomes. Germ-line stem cells and cysts were identified
ased on position within the germarium and fusome morphology
see de Cuevas and Spradling, 1998).on average, relative to those that remained unchanged or n
Copyright © 2001 by Academic Press. All rightccelerated. In addition, the rate of cell loss by apoptosis
ight also change at particular stages.
To begin to test models of growth regulation we com-
ared the frequencies of each stage of germ-line develop-
ent in ovarioles from flies raised on rich or poor food. The
requencies of the individual developmental stages in the
ermarium were essentially identical, despite the great
ifference in rate of egg laying (Table 1). For example,
ermaria from flies grown on poor or rich food contained an
verage of 10.4 or 11.8 germ-line cysts, respectively, and
irtually the same number of germ-line stem cells (2.0) and
ystoblasts (1.2–1.3). Previtellogenic egg chambers in stages
–7 were also present at nearly identical frequencies in the
wo groups (data not shown). These results argue that germ
ells evenly coordinate their rates of development from
tem cell to stage 8 regardless of nutrition.
The rate of germ-cell division and development can be
easured directly by following labeled cell clones (Harrison
nd Perrimon, 1993; Margolis and Spradling, 1995). To
easure the progress of germ-line cysts and egg chambers
nder the two nutritional conditions, we used the cell
abeling system shown in Fig. 1B. In the absence of heat-
hock, X-15 flies carry two inactive tubulin promoter-lacZ
ransgenes (X-15-29 and X-15-33). Upon heat-shock induc-
ion of flipase in dividing cells, these transgenes can recom-
ine through the flipase-recombination target (FRT) region,
enerating an active lacZ transgene. Thereafter, the cell
carrying the recombined lacZ transgene as well as its
progeny will be marked by constitutive production of b-gal.
ince the germ line divides only within region 1 of the
ermarium (see Fig. 1A), any labeled cyst must have been in
his region at the time of heat-shock. A completely labeled
erm-line cyst will have originated from what was a cysto-
last or stem cell at the time of heat-shock, whereas a
artially labeled cyst will have originated from a dividing
yst in which one cell was labeled at the time of heat-shock
see Materials and Methods).
Flies that had been grown on rich or poor food were
eat-shocked and ovaries were stained with anti-b-gal an-
ibody at different time points. Labeled cysts had developed
o much more advanced stages in ovarioles from well-fed
ies compared to those raised on poor food, as illustrated by
he examples shown in Figs. 3B and 3C. On rich food (Fig.
B), the oldest labeled germ-line cyst has reached stage 6
partially labeled clone, arrowhead). In contrast, on poor
ood (Fig. 3C), the oldest labeled germ-line cyst is still in
ermarium region 2b (weak staining, arrowhead). To quan-
ify the relative rates of germ-line progression, we followed
he developmental age of the median cyst (see Materials and
ethods) within the distribution of labeled germ-line cysts
t each time point (Fig. 3A, Table 2). We estimated the
elative difference in developmental rate by noting that it
ook 1 day for the median cyst to develop from region 1 to
ate region 2a on rich food, but 3 days on poor food.
herefore, germ cells develop approximately 3 times faster
n rich food than poor food. Moreover, since the relative
umber of cystoblasts, growing cysts, and other develop-
s of reproduction in any form reserved.
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270 Drummond-Barbosa and Spradlingmental stages did not change on poor food (Table 1),
germ-line stem cells and their progeny must all reduce their
division rate uniformly. (The possibility that apoptosis
FIG. 3. Germ-line cell proliferation and development is regulated
by nutrition. To determine the relative rate of development of egg
chambers in rich compared to poor food sources, we used the
flipase system shown in Fig. 1B to label germ-line cysts. At
different times after heat-shock, ovaries were dissected and immu-
nostained with the mouse monoclonal antibody 1B1 (green, high-
lights fusome and cell membranes) and rabbit polyclonal antibodies
against b-galactosidase (red, to visualize cell clones). The position
f the median-labeled germ-line cyst was plotted for each time
oint (A). (See text and Table 2.) Examples of single confocal
ections of ovarioles dissected and stained at 3 days after heat
hock from females kept on rich (B) or poor (C) food sources are
hown at the same magnification. An arrowhead indicates the
osition of the oldest labeled germ-line cyst within each ovariole.
ote that b-galactosidase levels are lower on poor food, but
expression could always be scored unambiguously. Scale bar rep-
resents 10 mm.affects this conclusion is ruled out below.)
Copyright © 2001 by Academic Press. All rightPoor nutrition caused a threefold reduction in the rate of
erm cell development in the germarium, much less than
he overall reduction in egg laying. To verify that degenera-
ion of vitellogenic egg chambers was increased when
utrients were limited, as would be expected from previous
tudies, DAPI-stained ovarioles from X-15 females kept on
ich or poor food were analyzed (Table 3). When placed on
ich food, only 0–4% of ovarioles contained degenerating
tage 8 egg chambers. In contrast, when on poor food,
2–44% of ovarioles contained a stage 8 egg chamber
ndergoing degeneration. Egg chambers were not seen to
egenerate at other stages. Thus, while germ cells lower
heir rate of proliferation about threefold on a poor food
ource, most of the 60-fold reduction in egg production
ppears to result from increased degeneration of vitello-
enic egg chambers.
Somatic Cells, Including Stem Cells, Uniformly
Decrease Their Division Rate in Response
to Nutrient Limitation
Somatic cells that will make up the follicular layer
surrounding each cyst derive from two somatic stem cells
located just anterior to germarium region 2b. Stem-cell
daughters proliferate and spread out over the surface of
passing cysts, which eventually bud off as new follicles.
Somatic cells continue dividing until stage 7, at which
point each egg chamber contains about 650 somatic cells
(Margolis and Spradling, 1995). Normally, the proliferation
of somatic and germ-line cells is coordinated, and very few
cells die or leave developing follicles. To investigate
whether the developmental program of ovarian somatic
cells is altered when nutrients are limited, we examined the
somatic cells of ovarioles from females raised on poor food.
As with germ cells, we observed no striking changes in the
number, size, or morphology of somatic cells in the germa-
rium. To determine whether budded follicles grown under
conditions of limited nutrients might contain an altered
number of cells, we counted the number of follicle cells per
egg chamber in such ovarioles. Again, there were no signifi-
cant differences. For example, the number of follicle cells at
stage 4 was equivalent in poor (257 6 52) and rich (263 6 63)
food sources.
To compare follicle cell division rates in the two nutri-
tional conditions, we used the cell labeling system de-
scribed above. Follicle cells divide until stage 7 and the size
of labeled clones can be followed in a straightforward
manner as a function of time (Fig. 4A). On rich food, we
measured a follicle cell doubling time of about 11 h, similar
to the previously reported value of 9.6 h (Margolis and
Spradling, 1995). On poor food, however, follicle cells
divided approximately four times more slowly, with a
doubling time of 42 h. If all follicle cells responded equiva-
lently to nutrition, clone sizes would be homogeneous
throughout ovarioles from a given food source. Consistent
with this expectation, we observed no differences in clone
size as a function of developmental stage (data not shown).
s of reproduction in any form reserved.
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271Stem-Cell Regulation in the Fly OvaryWe also addressed the possibility that the stem-cell
number was reduced in poor food. A marked somatic stem
cell normally gives rise to about 50% of all the somatic cells
in the germarium, indicating the presence of exactly two
somatic stem cells (Margolis and Spradling, 1995). To look
for changes in stem-cell number, we examined ovarioles
from poorly fed flies in which somatic cell clones had been
induced 5 days earlier. If the number of stem cells had
decreased from 2 to 1 as a result of the poor food, we would
have expected to observe some germaria in which all early
follicle cells expressed b-gal. No such germaria were seen
(data not shown); hence it is unlikely that the number of
stem cells decreases in response to poor nutrition.
TABLE 2
Effect of Nutritional Status on Germ-line Cyst Development
Developmental
stage
Number of
Poor food source
1 day
AHSa
2 days
AHS
3 days
AHS
Region 1b 8 8 4
Region 2a (E) 5c 3 2
Region 2a (M) 4 14 6
Region 2a (L) 4 10 5
egion 2b — 9 9
egion 3 — 4 3
tage 2 — — —
tage 3 — — —
tage 4 — — —
tage 5 — — —
tage 6 — — —
tage 7 — — —
tages 8–14d — — —
Total # cysts 21 48 29
a AHS, after heat-shock.
b Regions 1 through 3 refer to regions of germarium. (E), early; (
c Bold numbers indicate location of median labeled germ-line cy
d Data for vitellogenic stages 8 through 14 are grouped together.
ABLE 3
utritional Status and Degeneration of Stage 8 Egg Chambers
Time on food
source
(days)
Percentage of ovarioles with degenerating
stage 8 egg chambers
Poor food source Rich food source
1 44% (18)a 4% (27)
2 22% (36) 0% (41)
3 31% (39) 0% (61)
4 43% (28) 2% (42)
a Number of DAPI-stained ovarioles analyzed at each experimen-
tal point is in parentheses.
Copyright © 2001 by Academic Press. All rightTo examine whether somatic stem cells slowed their
ivision rate like other somatic cells, we analyzed clone
izes within the germarium 18 and 41 h after heat-shock to
ollow the initial divisions of these cells (Fig. 4B). If stem
ells did not reduce their division rate in response to poor
ood, their immediate progeny would accumulate in rela-
ively large numbers in region 2a, where these stem cells
re located. Since somatic stem cells are readily labeled
sing this system (Margolis and Spradling, 1995), these
rogeny cells would frequently be labeled and would have
een recognized as relatively large clones in our experi-
ents. No such abnormally large clones were observed
Figs. 4B, 4E, and 4F). Thus, somatic cells comprising the
ntire lineage and including the stem cells adjust their
oubling time fourfold in response to nutrition. (The pos-
ibility that apoptosis affects this conclusion is ruled out
elow.)
Increased Cyst Death in Region 2a/2b Occurs in
Response to Poor Nutrition
We next analyzed ovarioles under both rich and poor
nutritional conditions for the presence of programmed cell
death. We demonstrated above that both germ-line and
somatic cells reduce their proliferation rates uniformly
throughout their entire cell lineages from stem cell to
previtellogenic follicles. However, on poor food, germ cells
in the germarium reduced their proliferation two- to three-
lactosidase-labeled germ-line cysts
Rich food source
days
HS
1 day
AHS
2 days
AHS
3 days
AHS
4 days
AHS
7 15 4 4 2
3 3 1 — 1
10 9 4 — 2
7 12 15 4 2
19 24 11 5 3
18 11 9 9 3
4 — 2 2 2
2 — 4 6 6
1 — 8 8 6
— — 3 6 2
— — 2 5 3
— — — 2 2
— — — 2 9
71 74 63 53 43
id; (L), late. (See text and Fig. 1.)
r each day AHS.b-ga
4
A
M), m
st fofold, while somatic cell proliferation declined about four-
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272 Drummond-Barbosa and Spradlingfold. Higher levels of apoptosis among germ cells might
provide an explanation for this apparent discrepancy since
the relative cell number and appearance of follicles consist-
ing of both cell types remained balanced. Ovaries of 5- to
10-day-old X-15 and yw females kept on rich or poor food
ere examined for the presence of programmed cell death
sing a fluorescence TUNEL labeling assay (ApopTag;
able 4 and Fig. 5).
The results of these studies were clear. On poor food,
ut not on rich food, extensive ApopTag labeling was
bserved in degenerating stage 8 chambers, as expected.
n contrast, no significant cell death was observed in the
ermline or follicle cell layer of stages 1 through 7 egg
hambers regardless of the nutritional source. In the
ermarium, there was also very little cell death except as
FIG. 4. Somatic cell proliferation is regulated by nutrition. To me
the flipase system shown in Fig. 1B. At different times after heat-sho
of follicle cells per clone was counted and the average clone size in
Bars show standard deviations. Doubling times (d.t.) are shown nex
cell clones (arrowheads) at 4 days after heat-shock in rich (C, 173-
magnification. Examples of germaria containing follicle cell clones
1-cell clone) food sources are also shown at the same magnificatio
of 12 sections. Scale bars represent 10 mm.escribed below. Importantly, single dying cells were not d
Copyright © 2001 by Academic Press. All rightbserved near either the somatic or germ-line stem cells
f either well or poorly fed females, further suggesting
hat stem cells adjust their rate of division like other
varian cells, rather than using programmed cell death to
odulate progeny production.
However, at one specific time of development, a significant
ncrease in programmed cell death was observed under condi-
ions of nutrient limitation (Fig. 5, Table 4). On poor food,
lusters of apoptotic cells were frequently seen near the
oundary between regions 2a and 2b, the site where follicle
ells first begin to envelop germ-line cysts. Examples of such
lusters are shown in Figs. 5B–5E (arrowheads). The size,
umber, and appearance of the dying cell clusters suggested
hat they resulted from a cyst undergoing cell death; in some
ases somatic cells appeared already to be associated with the
e the rate of follicle cell division in different food sources, we used
varies were dissected and immunostained as in Fig. 3. The number
loping egg chambers (A) or within the germarium (B) was plotted.
orresponding curves. Examples of egg chambers containing follicle
lone) or poor (D, 4-cell clone) food sources are shown at the same
wheads) at 41 h after heat-shock in rich (E, 8-cell clone) or poor (F,
D, and F show single confocal sections, whereas E is a projectionasur
ck, o
deve
t to c
cell c
(arro
n. C,ying cyst and were likewise entering apoptosis.
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273Stem-Cell Regulation in the Fly OvaryThese observations argue that a novel control point exists
near the boundary of region 2a and 2b where a fraction of
the 16-cell cysts, with or without associated somatic cells,
undergoes cell death depending on nutritional conditions.
Cysts may be programmed to die in region 2a/2b if suffi-
cient follicle cells are not available to surround them, if
their follicular layer is abnormal in some way, or if their
progression is arrested. Such a checkpoint mechanism
would likely help to balance the rate of germ-line cyst and
follicle cell production (see Discussion). When nutrients are
limited, the checkpoint may be activated more frequently,
due to a higher rate of germ cell compared to somatic cell
production.
Interconversion between Rich and Poor Nutrition
So far, we have examined the effects of different diets
on the biology of the ovary under steady-state nutritional
conditions. To investigate how ovarian cells respond to
changes in their nutritional status, we used clonal mark-
ing to document the effects of switching between rich
and poor food (Fig. 6). Changing from rich to poor food is
likely to be less stringent than raising flies continuously
on poor food, because well-fed adults contain nutrient
reserves stored in the fat body. When females were
switched from rich to poor food 9 h after a heat-shock to
mark clones (Fig. 6A, arrow), no significant change in
their doubling time of 11 h was detected for up to 17 h.
TABLE 4
Cell Death in Germarium in Response to Nutritional Status
ApopTag staining
pattern
X-15 genotype
Poor source
(39 germaria) (
Cluster in region 2a 20a (51%)
Cluster in region 2b 10d (26%)
Early cystf 2 (5%)
Unclear pattern 1 (2%)
No cell death 11 (28%)
a Three of the germaria had 2 dying clusters in region 2a; one ha
n late region 1 as well.
b Two of the germaria had 2 dying clusters in region 2a.
c One of the germaria had 1 dying cluster in region 2a.
d One of the germaria had 2 dying clusters in 2b.
e Two of the germaria had 2 dying clusters in 2b.
f ApopTag staining was strong and cysts were located in late regio
on nutrition and was only observed in the X-15 genotype.
g One of the germaria had 2 early dying cysts.Thereafter, however, follicle cell proliferation slowed to a i
Copyright © 2001 by Academic Press. All rightoubling time of about 33 h. Thus, poor food downregu-
ated the proliferation rate of ovarian somatic cells in
ell-fed flies, but to a lesser degree than that seen in
emales raised continuously on poor food, which had a
oubling time of 42 h. After the switch, clone sizes were
niform throughout the germarium and ovariole, indicat-
ng that cells at each step in the developmental program
espond proportionately to the altered nutritional state.
oreover, staining with ApopTag revealed that signifi-
ant cell death (except in germarium regions 2a/b and in
tage 8, as described above) does not accompany the
lower division rate (data not shown). Thus, the ovary
upports different rates of cell proliferation uniformly
rom stem cell to mature follicles depending on current
nd past nutritional history.
We were also interested in determining how rapidly and
niformly ovarian cells respond when females are trans-
erred from poor to rich food. We heat-shocked flies that had
een raised on poor food to initiate clonal marking and
witched them to rich food 24 h later (Fig. 6B, arrow).
ollicle cells responded to the newly available nutrients
lmost immediately. Within a few hours of the transition,
he doubling time decreased from 42 h to about 9.4 h. Once
gain, proliferation rates appeared to be uniform throughout
he ovariole, based on spatially uniform clone sizes, an
nchanged distribution of developmental stages, and the
bsence of ApopTag staining (data not shown). Our results
urther emphasized the ability of individual cells in diverse
tates of differentiation to modulate their proliferation rates
mber of germaria (% of total)
yw genotype
source
rmaria)
Poor source
(39 germaria)
Rich source
(40 germaria)
(2%) 15b (38%) 3c (8%)
0 12e (31%) 0
(18%) 0 0
0 0 0
(80%) 15 (38%) 37 (92%)
ying clusters in region 2a. One of the germaria had a dying cluster
early region 2a (see Fig. 5E, asterisk). This class was not dependentNu
Rich
51 ge
1
9g
41
d 3 d
n 1/n a controlled manner.
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Copyright © 2001 by Academic Press. All rightThe Insulin Pathway Regulates Follicle Cell
Proliferation
These studies reveal how changes in cell proliferation and
apoptosis enable the ovary to modulate egg production in
response to the supply of nutrients. Nutrient levels must be
sensed, and signals controlling proliferation and apoptosis
sent to the relevant cells of the germ line and somatic
lineages. Drosophila contains homologues of many verte-
brate genes that are involved in regulating growth and
metabolism. However, even when female sterile mutations
in such genes have been recovered, it has often been
difficult to assess their roles in oogenesis from the static
pictures presented by the ovarian phenotypes. We used cell
marking to measure cell division rates in one such mutant
to determine if this approach would facilitate the charac-
terization of genes that control stem-cell proliferation.
Insulin is an important mediator of energy metabolism in
vertebrates and is known to be required for the growth of
ovarian follicles in mammals (reviewed in Poretsky et al.,
1999). chico encodes an IRS-like protein that functions in
the Drosophila insulin pathway, and chico1 mutant females
re sterile (Bo¨hni et al., 1999). To investigate the role of
hico under different nutritional conditions, newly eclosed
hico1 homozygous females that contained the b-gal mark-
ing system were cultured on rich or poor food. Following a
heat-shock to induce marked clones, the size of b-gal-
positive follicle cell clones was measured over the next 4
days (Fig. 7).
Our results indicated that chico1 mutation partially im-
paired the ability of ovarian follicle cells to proliferate faster
in the presence of abundant nutrients (Figs. 7A and 7C). On
poor food, follicle cells divided at similar rates in females
heterozygous or homozygous for chico1 (49 versus 52 h
doubling times). Follicle cells divided faster in both geno-
types on rich food, but heterozygotes increased their dou-
bling rate significantly more than chico1 homozygotes (15
compared to 22 h doubling times). Clone sizes were com-
parable all along the ovariole and within the germarium,
suggesting that the response was uniform from the stem
cells throughout the somatic lineage. Thus, chico-mediated
insulin receptor signaling appears to play a small but
detectable role in controlling the rate of follicle cell prolif-
eration in response to rich food. In addition, the chico1
mutation caused a large effect on egg chamber progression
into vitellogenesis (Figs. 7B and 7D). Egg chambers did not
develop beyond vitellogenic stages in chico homozygotes,
despite the presence of abundant food. Among 40 chico1
ovarioles analyzed, none had vitellogenic stages, while 33
out of 33 heterozygous ovarioles had vitellogenic stages.
early dying cysts in region 1/2a, or no cell death were plotted (A).
Examples of germaria showing clusters of dying cells in 2a (B–D,
arrowheads) and in 2b (E, arrowhead) are shown. An early dyingFIG. 5. Increased cyst death in region 2a/2b of poorly fed flies.
Ovaries were stained with ApopTag (shown in green) to detect and
measure the occurrence of cell death and immunostained with the
monoclonal antibody 1B1 (red) to highlight fusome and cell mem-
branes. The percentages of germaria showing clusters of dying cellscyst is also shown in E (asterisk). Scale bar represents 10 mm.
s of reproduction in any form reserved.
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ccelerate the rate of follicle cell proliferation within the
FIG. 6. Rapid adjustment of rate of somatic cell proliferation in
response to changes in nutrition. To assess the follicle cells’ response
to sudden changes in food availability, we used the flipase system
shown in Fig. 1B. (A) Newly eclosed flies kept on rich food source for
5 days were heat shocked. At 9 h after heat shock (arrow), flies were
either switched to poor food source (shown in black), or kept on rich
food source (shown in red). (B) Newly eclosed flies were kept on poor
food source for 5 days before the heat shock. At 24 h after heat shock
(arrow), flies were either switched to rich food source (shown in red) or
kept on poor food source (shown in black). The number of follicle cells
per clone was plotted. Bars represent standard deviations. Doubling
times (d.t.) are shown next to corresponding curves.ntire lineage, in response to rich food.
Copyright © 2001 by Academic Press. All rightDISCUSSION
The Ovary as a Model for Studying Stem-cell-based
Cell Proliferation
Our studies show that the Drosophila ovary can be used
to study how the proliferation of a stem-cell-based tissue is
regulated in response to environmental factors. We found
that both germ-line and somatic stem cells, as well as their
more differentiated progeny cells, adjust their proliferation
rates according to nutritional availability. We have also
identified a novel apoptosis checkpoint in region 2a/2b,
which may serve as a mechanism to coordinate germ-line
and somatic cell production. Finally, we demonstrate how
the clonal labeling method used in this paper can be used to
analyze mutants such as chico1.
This analysis allowed us to distinguish between different
models of stem-cell regulation, which had been previously
difficult to test experimentally. Compartment size models
propose that either the pool of active stem cells or the
transit amplifying cell compartment vary in size in re-
sponse to tissue damage (Loeffler and Potten, 1997). We
found that the number of germ-line and somatic stem cells
does not change according to the rate of tissue growth.
Similarly, we did not detect any significant alterations in
the relative sizes of the stem-cell progeny compartments,
ruling out such models in the case of the Drosophila
ovariole. Instead the division rate of stem cells was modu-
lated over a fourfold range and maintained in step with the
proliferation of daughter cells at intermediate stages of
differentiation.
This rapid, uniform modulation of proliferation appears
to differ from the way some mammalian stem cells are
regulated. One of the best studied such systems is the
response of mouse hematopoietic stem cells (HSCs) and
their lineage to hematopoietic stress (reviewed in Heyworth
et al., 1997). Mice contain a large excess of cells capable of
functioning as HSCs in reconstitution assays, but only a
small minority of these appears to be active at any one time.
Moreover, very small numbers of HSCs are able to maintain
normal levels of mature circulating cells. Under conditions
of stress, hematopoietic intermediates divide more rapidly
and turn over more slowly, while alterations in the number
of active HSCs or in their division rate have not been
documented. However, changes affecting a relatively small
number of HSCs would probably not have been detected.
Environmental stresses such as wounding or disease likely
affect many other stem-cell-based tissues, which may re-
spond to an increased need for cells by acting directly at the
stem-cell level. Our studies on the highly tractable Dro-
sophila ovarian stem cells may reveal regulatory mecha-
nisms that are utilized more widely.
Why would both germ-line and somatic stem cells only
decrease their division rates fourfold rather than arrest
completely under conditions where eggs cannot be com-
pleted? We suggest that the process of oogenesis lacks a
stable arrest point prior to vitellogenesis. If early egg cham-
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightbers grow more slowly than some minimal value, they may
become irreparably damaged. Perhaps it is difficult to ad-
equately coordinate signals or cell cycles between germ line
and somatic cells when doubling times fall below about
48 h at room temperature. Continually producing previtel-
logenic egg chambers at the minimal functional rate would
make it possible to produce finished eggs relatively quickly
when nutritional resources do become available. In con-
trast, other stem-cell systems where intermediate cells can
be stockpiled in large numbers might utilize a different
strategy in which stem cells become quiescent between
periods of activity.
Additionally, the strategy used by Drosophila stem cells
might provide a way to respond in a sensitive manner to
frequent fluctuations in food availability. We found that
follicle cells do respond rapidly to changes in nutrition.
Both stem cells and their progeny may directly respond to
the same regulatory factors to allow the rate of egg chamber
progression to be rapidly adjusted to the available resources,
without changing the relative number of intermediate
stages. Alternatively, stem cells may change their rate of
proliferation via an indirect mechanism, responding to
relay signals sent from other ovarian cells. If stem cells
became arrested under conditions of poor nutrition, there
would be a significant time lag before the entire series of
developing follicles could be reconstituted, precluding rapid
responses. Systems in which stem cells do become arrested
may not need to respond rapidly or may respond through
the action of stable intermediates.
A New Checkpoint in the Germarium May Help
Coordinate Germ-line and Somatic Cell Production
The onset of vitellogenesis represents a major point
where the nutritional requirements of egg production are
regulated by programmed cell death. Egg chambers enter
the apoptotic pathway shortly after the onset of stage 8
unless they receive an ecdysteroid-mediated signal, most
likely from their own nurse cells (Buszczak et al., 1999;
Carney and Bender, 2000). Our studies are consistent with
previous work indicating that the onset of vitellogenesis is
a major regulatory checkpoint in follicle maturation.
Unexpectedly, we detected a high incidence of dying
cysts in region 2a/2b of the germarium under conditions of
nutrient limitation. This suggests that there may be a
second previously unknown checkpoint much earlier in
ovarian development. There are two possible explanations
for this observation. Cysts starting to move through region
2a enter the meiotic cycle. Under conditions of nutrient
(d.t.) are shown next to the corresponding curves. Examples of
DAPI-stained ovarioles (B, D) and b-galactosidase labeled clones 4
ays after heat-shock (A9, C9; arrowheads) are shown. The arrow in
denotes a degenerating egg chamber. A9 and C9 are at the sameFIG. 7. The insulin pathway regulates follicle cell proliferation
and vitellogenic entry. To investigate whether the insulin pathway
controls follicle cell proliferation, we tested the response of chico1
heterozygotes (A, B) and homozygotes (C, D) to nutrition (see
Materials and Methods for exact genotype). At different times after
inducing marked clones with a heat-shock, the number of follicle
cells per clone was measured and the average clone size wasagnification. Scale bar represents 10 mm.
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277Stem-Cell Regulation in the Fly Ovarylimitation, germ cells may become arrested in meiotic
prophase for an excessive period and enter apoptosis, ac-
companied by the death of the associated somatic cells.
Alternatively, the cell death we observed in the region may
indicate that the region 2a/2b junction serves as a previ-
ously unrecognized checkpoint. Germ line cysts normally
acquire a layer of somatic follicle cells at this time. If there
were an imbalance in the rate of production of follicle cells,
there might not be enough cells available to envelop a cyst
when it arrives in the vicinity. Failure to acquire a follicle
cell coat at the appropriate time may signal a germ cell cyst
to enter apoptosis. Consequently, cyst death in region 2a/2b
would help maintain the correct balance of germ-line and
somatic cells in poorly fed flies. Limiting cell death to a
precise location may also facilitate the recycling of the
dying cells.
The Insulin Pathway Regulates Follicle Production
In vertebrates, insulin and insulin-like growth factor
(IGF)-mediated signaling play crucial roles in controlling
metabolic rate and tissue growth. Vertebrate insulin and
IGFs also regulate ovarian function (reviewed in Poretsky et
al., 1999). When insulin-related signaling is reduced by any
of a variety of mechanisms, follicle growth is slowed (for
example, see Wang and Chard, 1999). In addition, the rate at
which ovarian follicles regress and die increases in mice
bearing mutations that disrupt insulin-mediated signaling.
Insulin acts on the vertebrate ovary at different levels, but a
major mode of action is to stimulate production of ovarian
steroid hormones.
Recently, homologues of many vertebrate insulin signal-
ing genes have been cloned from Drosophila and shown to
act in very similar pathways (see Edgar, 1999). chico en-
codes the Drosophila insulin receptor substrate protein
(Bo¨hni et al., 1999), an important mediator of signaling
through the insulin and IGF receptors in a variety of
organisms (Kadowaki et al., 1996; Keller et al., 1993; Rose
et al., 1994). chico1 flies have very small bodies, comparable
o those of flies raised with scarce food supplies (Bo¨hni et
l., 1999). Insulin-related signaling was known to play some
ole in follicle development in Drosophila, since viable
utations in either chico, the Drosophila insulin receptor,
r a ribosomal protein S6 kinase homologue, S6k, mutate to
emale sterility (Bo¨hni et al., 1999; Chen et al., 1996;
ontagne et al., 1999). We found that the chico1 mutation
slows the rate of follicle cell proliferation in the presence of
rich food. Moreover, mutant ovarian follicles frequently
degenerated and were never observed to develop beyond the
onset of vitellogenesis. The ability to measure precisely the
rate of follicle cell proliferation throughout the ovariole by
lineage marking was essential to deduce the effects of
chico1 on cell proliferation and will prove instrumental in
the future analysis of additional mutants.
Insulin-related signaling may control follicle develop-
ment in Drosophila and vertebrates via similar mecha-
nisms. The steroid hormone ecdysone is produced by adult
Copyright © 2001 by Academic Press. All rightrosophila females and egg production ceases in flies mu-
ant for the temperature-sensitive ecdysoneless1 mutation
ithin 1 day of a shift to restrictive temperature (Audit-
amour and Busson, 1981). Recently, evidence has been
resented that ecdysone production and reception within
ach developing follicle is essential for vitellogenesis
Buszczak et al., 1999; Carney and Bender, 2000). The chico1
mutation increases degeneration and blocks entry into
vitellogenesis, suggesting that, in Drosophila, ovarian ste-
roidogenesis depends on insulin pathway signaling, as it
appears to in vertebrates (Poretsky et al., 1999). Thus, our
findings add to a growing body of evidence indicating that
the metabolic and hormonal regulation of oogenesis in
Drosophila and vertebrates are more similar than previ-
ously believed.
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